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HIGH-STRENGTH-ELECTRIC-FIELD PUMPABLE-FOOD-PRODUCT 
TREATMENT IN A SERIAL— ELECTRODE TREATMENT CELL 

BACKGROUND OF THE INVENTION 

The present invention relates to processing of 
pumpable food products, and more particularly to 
processing systems and methods for deactivating organisms 
in pumpable food products or foodstuffs, which systems 
and methods extend the shelf life of such food products 
or foodstuffs. Even more particularly, the present 
invention relates to deactivating organisms or pumpable 
food products or foodstuffs in a high strength electric 
field system treatment employing serial electrodes 
separated by an insulating section. 

As used herein the phrases "deactivating 
organisms," "deactivate organisms," "deactivation of 
organisms" and similar phrases refer to the killing or 
sterilization of living organisms such as bacteria, 
viruses, fungi, protozoa, parasites and the like. 

Substantial technical effort has been directed 
to the preservation of perishable fluid food products 
such as milk products, natural fruit juices, liquid egg 
products, and pumpable meat products, such as ground beef 
or turkey. Such liquid food products may normally contain 
a wide variety of microorganisms, and are excellent 
culture media for such microorganisms. 

Practical preservation methods which have found 
significant commercial application predominantly utilize 
heat treatment such as pasteurization to inactivate or 
30 reduce microorganism population. For example, milk 
products are conventionally pasteurized at a minimum 
temperature of at least about 12' C. for 15 seconds (or 
equivalent time/ temperature relationship) to destroy 
pathogenic bacteria and most of the nonpathogenic 
organisms, with degradative enzyme systems also being 
partially or totally inactivated. However, products 
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processed in this manner are still generally unsterile 
and have limited shelf l if e, eve n at refrigeration 
temperature. The shelf life of l iguid foods tuffs may be 
substantially extended by higher heat treatment processes 
5 such as -ultra high pasteurization", or "ultra high 
temperature" ("uht", treatment, at a temperature of 
140 c for four seconds. These processes are used in 
conjunction with aseptic packaging to achieve complete 
10 ^ S f UCtl0n ° f a11 ba «eria and spores within the food 

product, however, such heat treatment typically adversely 
affects the flavor of the food product, at least 
partrally denatures its protein content or otherwise 
adversely affects desired properties of the fluid food 

15 wLch a ; aPPr °* CheS *° 'ood preservation, 

alT, S ° " Certai " "-Vantages, include the use of 
chemical additives or ionizing radiation. 

have „ baCterictdal of electric currents 

have also been investigated since the end of the 19th 

20 TlTZl'^ Varl ° US '"^ haVi " g ™* *° 

efforts T trSatin9 f °° d Products, such 

efforts are described in U.S. Patents 1,900,509, 

I'lll'lll' 2 ' 428 - 329 and and German Patents 

1,946,267 and 2,907,887, inter alia, all of which are 

25 Z ?°" ted herSin bV ref "— • ™* ^ effects of 
ZZlTT Cy • lt '™ tln " with low electric field 

ele^troLtlr lar96ly attrlbUtSd " thS '«»«-. C 

current th V™** th * of 

current through direct contact electrodes, as well as 

30 ITI he " in9 Pr ° dUCed ty CU " ent "°" «>«ugh an 

electrically resistive medium. Unfortunately however 
the electrolytic chemical products generated by low ' 
frequency, low strength electric field methods may be 
undes^able in fluid foodstuffs, and heating, as noted 

35 fLds^r; 150 ejects in the fluid 



BNSDOC1D- <WO 9939752A1 I > 



WO 99/39752 PCT/US99/0072 1 



30 



35 



As described in U.S. Patent 3,594 lis 
as it is not a ve r f ^ "» application 

1 Sry hl ^ h strength electric fields > on 

y increase the permeabilitv of noi i v. 
used to carrv -. -, y ° f cells has been 

in^oaucl „:L lly e " lu f d U ; d i0n ° f UVin9 «»■ «- to 

- v sry high stren ^ zizt f r: p r nts into iivin9 ceiis - 

can also have a direct Trrl T " n ° n " nUtrie " »•«• 
™icroorga„i SI „ s with the rate ^ UP °" 

upon the fi . ld stren : t h ; r::; e °: ^i^rr,:—- 

the duration of the allied ""ical field level and 

field. WUed very high strength electric 

ver y hi9h L p r„;:: i^rrr apparatus ' which — 

Oration, to delctivatl PUlS * S ° f V " y Sh °" 

- sho ra in ::r;™; ?jr. p ~ 

al-, and U.S. Patent Nos. 4 838 m ,*„ , snneil at 

and 4. 695 ,47 2 (the M7a patent ' , ""^ ' 

all of which , n < Patent), issued to Dunn et al., 

Prevention f I e c:r p P h°o rat : d ^ ^ ^ 
effects in th „ Paretic and electro-chemical 

"O S I I;;*** * T ratUSeS 1S dSSCribed in P «e„t 
w ° • 3» jsj,541 and 5 447 -7-j-j 

^, 447,733, issued to Bushnell, et al . 
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(the '541 patent and the '733 patent), both of which are 
incorporated herein by reference. Generally, in 
accordance with the these patents, methods and 
apparatuses are provided for preserving fluid foodstuffs 
5 (or pumpable foodstuffs) , which are normally excellent 
bacteriological growth media. Such preservation is 
achieved by applying very high strength electric field 
pulses (of at least 5000 v/cm) of very short duration (of 
no more than about 100 microseconds) through all of the 
10 pumpable foodstuff. 

By "pumpable," "liquid," or "fluid" "food 
product" or "foodstuff" is meant an edible , fQod product 
having a viscosity or extrusion capacity such that the 
food product may be forced to flow through a treatment 
zone, e.g., leS s than about 1000 poise. The products 
include extrudable products, such as doughs or meat 
emulsions such as hamburger; fluid products such as 
beverages, gravies, sauces, soups, and fluid dairy 
products such as milk; f ood-particulate containing food 
20 slurries such as stews; f ood-particulate containing 
soups, and cooked or uncooked vegetable or grain 
slurries; and gelatinous foods such as eggs and gelatins. 

By "bacteriological growth medium" is meant 
that upon storage at a temperature in the range of o< c 
to about 30- C, the fluid foodstuff, with its indigenous 
microbiological population or when seeded with test 
organisms, will demonstrate an increase in biological 
content or activity as a function of time as detectable 
by direct microscopic counts, colony forming units on 
appropriate secondary media, metabolic end product 
analyses, biological dry or wet weight or other 
qualitative or quantitative analytical methodology for 
monitoring increase in biological activity or content. 
For example, under such conditions the microbiological 
population of a pumpable foodstuff which is a 
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bacteriological growth me di UI n may at least double over a 
time period of two days. 

The compositions of typical fluid food products 
which are biological growth media, derived from 

Nutritive value of American Foods in Common Units" , 
Agriculture Handbook No. 456 of the U.S. Department of 
Agriculture (1975), are as follows: 



FLUID FOODSTUFFS 

Carbo- 

Water Protein Fat hydrate 



10 Fluid 
Food 

Product Wt % wt % wt % ^ % 

Whole Milk 



(3.5% fat) 87.4 
15 Yogurt e9 .o 3 . 40 ™ 

Raw Orange 

Juice 88.3 
Grape Juice 82.9 
Raw Lemon 

Juice 9i.o 
Raw Grape- 
fruit Juice 90.0 
Apple Juice 87.8 
Raw Whole 

73 - 7 12.89 li.so 



20 



3.48 



.685 
.001 

.41 

.48 
.08 



3.48 4.91 
5.22 



.20 
tr. 

.20 

.08 
tr . 



10.0 
. 166 

8.0 

9.18 
11.9 



25 



Eggs 
Fresh Egg 

Whites 
Split Pea 
Soup * 
3 0 Tomato 

Soup * 
Tomato 

Catsup 
Vegetable 
35 beef soup 91.9 



87.6 10.88 .02 
6*99 2.60 
1.60 
2.0 



70.7 
81.0 
68.6 



. 90 
.79 
16.99 
2.10 12.69 



2.08 



.588 
.898 



condensed - commercial 
from partially skimmed milk 



25.4 
3.9 



Na 
Wt % 

.05 
.050 

.0008 
.0019 

. 0008 

. 0008 
. 0008 

.12 

.15 

. 77 

.79 
1 .04 
.427 



K 
Wt% 

. 144 
. 142 

.2 
.115 

. 14 

.16 
.10 

.13 

.14 

.22 
.187 
.362 
.066 



40 



Very high strength electric fields may be 
applied by means of treatment cells of high-field- 
strength design, examples of which are described in 
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detail by 8u.hn.ll et al. a nd Dunn et al . Basically. the 
foodstuff xs, m practice, electrically interposed 

vervT ! elSCtr0de - and * ■«»»» electrode. The 

very high strength electric field is generated between 

stren^r T d SeCO " d 8laCtr0des ~* that the very high 
strength electro field passes through the foodstuff, 
subjecting any microorganisms therein to the very high 
strength electric field. Generally, the second electrode 
consists of a grounded electrode, and a relatively higher 
or !o„er voltage potential is applied to the first 
electrode . 

al BUShne11 et al - P«ents and the Dunn et 

al. patents, the pumpable fluid foodstuff is subjected to 
least one very high strength electric field and 

lTT\T nSiZy eleCtrical P»l~. and at least a portion 
of the fi uid foodstuff is subjected to a plural . t ; 

very hl gh strength electric field and current density 

in on!' " 3 hi9h " Stre ^ th el -tric pulse treatment zone. 
« P " CeSSin ' technioue. the liguid foodstuff is 

collars T° 8 treat " ent Z ° ne ' ° r ""ween two 

Idapteo ! leCtr r eS WhiCh h8Ve ^ P " allel -"figuration 
there!nbeL P * ■ Ub "»"«»* »"«o«. electric field 

br!IL " diele « rl = tracking or other 

fold o / y " Parallel " -"'^ration it is meant that 

food product passes between the electrodes, such that 

o % = o r r "a"* " neS "* —1 to diction 

lant that f rt ' oonfl *»«««». in contrast, it is 

d th t !°° d Pr ° dU « ^sses a first electrode then a 
second electrode, such that electric flux lines are 
generally parallel to the direction of flow.,. using 

electric"^ rr COn " aUred Sle — v.xy high strength 
subi- t PUlSSS "™ aPPli6d *° the -tetrodes to 

by the 'T , T" f ° 0dStUff *° "Itlpl. pulse treatment 

„ M ! £le " aPP "«-- X" «der to generate the 
very high strength electric field pulses, the pulsed 
field apparatus employs, for example, a lumped 
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transmission line circuit, a Blumiein transmission 
Circuit and/or a capacity discharge circuit. 

ul oTrili?' BUShne11 ^ P " entS — 

5 systems " VerSal teChnl « UeS in capacitive discharge 

systems (or pulse forming networks, to increase the 
effects potential across the treatment ceil. Fo r 
example, b y app i ying . snort 

celt' , " eld (e - 9 - 20 '°°° "It. per 

centimeter, across a treatment cell £or a short pliod 

ly aorl S " 9 -' 2 ' - ™ polarity, followed 

^si^.r.^r 1- potentiai - ithin a 

fiplH P d fe * g -' 2 microseconds), an effective 

is «■ " li9Uid f00dstuff (i.e., pumpable foodstuff) 
whic y lntr ° dU « d i«=o the treatment zone to 
which very high strength electric field pulses are 
periodically applied, and fluid foodstuff is 
concomitantly withdrawn from the treatment zone the rate 

I rir: e °: 0 th :. iiauid foodstu " th — h ; «' - 

th" all of !°° rdlnated " ith th * Pul- treatment rate so 
least one ^jr** 1 ' f °° dSt "" " ~bj«t«, to at 

t ri:::mi:t ry 2 o h r teXirr? fieia puiss - ithin 

Qi . . fc _ zone ' Tne liquid foodstuff may be 

"e ::::: to treatment * Plur .? lty of such 

treatment zones, or cells, as is describe < 

by Bushnell et al . described m .ore detail 

SUMMARY OF THE INVENTION 

-thod for T d:ac P t r r v S a e t n La nVenti0n ^ • PP "" U ' ^ 

and , deactivating microorganisms in a food product 

»nd for preventing or reducing the fouling of a high- 
energy electrode in such apparatus by a fouling agent 

^ ectLl: f0 ° d Pr ° dUCt """" « rlul ing 

electrochemical effect? u j fhJn t . , ^ 

" ects within the food product. 
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In one embodiment, the present invention can be 
characterized as a system for deactivating organisms in a 
food product. The system employs a first electrode; an 
insulator section coupled to the first electrode, wherein 
the insulator section includes an insulator pinch, an 
opening, and a transition region interposed 
thereinbetween, and wherein the opening has a larger 
cross sectional area than the insulator pinch, the 
insulator section including a cavity, passing through the 
insulator pinch, the transition region, and the opening, 
wherein the food product is contained during deactivating 
of organisms; and a second electrode coupled to the 
insulator section, wherein the first electrode is 
positioned on a first side of the insulator pinch, and 
the second electrode is positioned on a second side of 
the insulator pinch, whereby an electric field formed 
between the first electrode and the second electrode, 
when a voltage is applied across the first electrode and 
the second electrode, passes through the insulator pinch. 

In a further embodiment, the present invention 
can be characterized as a method of deactivating 
microorganisms. The method involves flowing a product 
containing the microorganisms past a first electrode 
having a first cross sectional area; flowing the product 
containing the microorganisms through an insulator 
section having a second cross sectional area, wherein the 
second cross sectional area is smaller than the first 
cross sectional area; flowing the product containing the 
microorganisms past a second electrode; and applying a 
high voltage electric pulse across the first electrode 
and the second electrode, including directing an electric 
field through the insulator section including increasing 
the electric field density over at least a portion of the 
insulator section; whereby at least a portion of the 
microorganisms are deactivated as a result of the 
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applying of the high voltage as the product passes 
through the insulator section. 

BRIEF DESCRIPTION OP THE DRAWINGS 

The above and other aspects, features and 
advantages of the present invention will be more apparent 
from the following more particular description thereof, 
presented in conjunction with the following drawings 
wherein: 



FIG. 1 is a block diagram showing a pulsed 
field treatment apparatus used for deactivating 
microorganisms in foodstuffs, and having features of the 
present invention including a serially-configured pair of 
electrodes separated by an insulator section; 
5 FIG. 2 is a cross-sectional view of the 

simplest example of a treatment cell, including a 
serially-configured pair of cylindrical electrodes (or 
serial pair of electrodes) separated by an insulator 
section; 

0 FIG. 3 is an equipotential plot for the cell of 

FIG. 2; 

FIG. 4 is a graphic representation of electric 
field at an inner surface of the cell of FIG. 1 
approximately in a modeled region (as indicated with 

5 cross-hatching in FIG. 2) ; 

FIG. 5 is a cross-sectional view of a cell made 
up of a serial pair of cylindrical electrodes separated 
by an insulator region in which triple points on the 
electrodes are moved away from a treatment area in which 

0 food product flowed by angling electrodes away from the 
food product at their interface with the insulator 
section; 

FIG. 6 is an equipotential plot for the cell 
design of FIG. 5; 

FIG. 7 is a cross-sectional view of a cell made 
up of a series pair of cylindrical electrodes separated 
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by an insulator section that is pinched inwardly (i.e., 
of smaller diameter than the electrodes) ; 

FIG. 8 is an eguipotential plot for the design 

of FIG. 7; 

5 FIG. 9 is a cross-sectional view of a cell 

accordance with the further embodiment of the present 
embodiment in which a serial pair of cylindrical 
electrodes enveloped by an insulator section that forms 
an outer cylindrical pipe having a pinched section with a 
10 smaller diameter between the electrodes than at outlying 
portions of the outer cylindrical pipe and in which the 
spaced apart serial electrodes act as flow shapers; 

FIG. io is an eguipotential plot for the design 

of FIG. 9; 



FIG. li i s a cross-sectional view showing a 
cell having a serial pair of cylindrical electrodes 
separated by an insulator section, wherein insulator 
section has a pinched section having a smaller diameter 
than the diameter at the electrodes and wherein an 
additional insulator is used in a downstream portion of 
the cell as a flow shaper; 

FIG. 12 is an eguipotential plot for the cell 
design of FIG. li; 

FIG. 13 is a superposition of surface electric 
field plots for the cell designs of FIGS . 2, 5, 7, 9, and 
11 showing electric field strength at surfaces within 
such cells; 

FIG. 14 is an electric field plot for the cell 
design of FIG. 2 showing electric field strength at an 
mner surface of the cell and along a centerline o^ the 
cell ; 

FIG. 15 is an energy deposition plot for the 
cell design of FIG. 2 showing energy deposition per pulse 
at an inner surface of the cell and along a centerline of 
the cell; 
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FIG. 16 shows a field plot for a scaled up (2x) 
version of the cell design of FIG. 2 showing electric 
field strength at an inner surface of the cell and along 
a centerline of the cell; 

FIG. 17 shows an energy deposition plot for the 
scaled up (2x) version of the cell design of FIG. 2 
showing energy deposition per pulse at an inner surface 
of the cell and along a centerline of the cell; 

FIG. 18 shows a field plot for a variation of 
the cell design of FIG. 7 having an insulator length of 
14.8 millimeters, an inner diameter of 9.5 millimeters at 
the electrodes, and an inner diameter of the insulator 
pinch of 5.0 millimeters, showing electric field strength 
at an inner surface of the cell and along a centerline of 
15 the cell; 

FIG. 19 shows an energy deposition plot for the 
variation of FIG. 18 of the cell design of FIG. 7 showing 
energy deposition per pulse at an inner surface of the 
cell and along a centerline of the cell; 
0 FIG. 20 is a field plot for an additional 

variation of the cell design of FIG. 7 having an 
insulator length of 14.8 millimeters, an inner diameter 
at the electrodes of 14.5 millimeters, and an inner 
diameter at the insulator pinch of 10 millimeters showing 
5 electric field strength at an inner surface of the cell 
and along a center line of the cell; 

FIG. 21 is an energy deposition plot for the 
further variation of FIG. 20 of the cell design of FIG. 7 
showing energy deposition per pulse at an inner surface 
0 of the cell and along a center line of the cell; 

FIG. 22 is a field plot for a further variation 
of the cell design of FIG. 7 having an insulator length 
of 92.5 millimeters, an inner diameter of 10 millimeters 
at the electrodes, and an inner diameter at the insulator 
pinch of 10.0 millimeters showing electric field strength 
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at an inner surface of the cell and along a centerline of 
the cell; 

FIG. 2 3 is an energy deposition plot for the 
further variation of FIG. 22 of the cell design of 
FIG 7 showing energy deposition per pulse at an inner 
surface of the cell and along a centerline of the cell; 

FIG. 24 is a cross-sectional view of a cell 
des.gn similar to that shown in FIG. 7 having an overall 
insulator length of 29.5 millimeters, an inner diameter 
of 22.1 mxliixneters at the electrodes, and an inner 
dxa,eter at the pinch in the insulator of io millimeters 
wxth an msulator length at the pinch of 5.! millimeters; 

FIG * 25 13 a cross-sectional view of a cell 
des lgn similar to that shown in FIG . 7 having an overall 
insulator length of 40 milliters, an inner diameter of 
2 2.1 cent xmeter at the electrodes, and an inner diameter 
at the pxnch in the insulator of io millimeters with an 
insulator length at the pinch of 5.1 millimeters ; 

FIG. 26 is a cross-sectional view of a cell 
S1?n Similar to that ^own in FIG . 7 in which an 

cZ all . inSUlat ° r ° f l1 ' 6 »""-t.r. is used in 

des-r h 10n ° ther di ""-i°n. similar to those of the 

aesign shown m FIG. 25; 

FIG * 27 is a c ross-sectional view of a cell 
desxgn similar to that shown ±n ^ ? ^ ^.^ ^ 

transition angle of the insulator from the first 

lltTT ^ ^ P±nCh fr ° m the Pinch to ^ "cond 

electrode ls decreased to about 26', with the length of 

other: be±ng deCrSaSed ^ 10 - 6 "- with 

other^d.mensxons similar to those of the design shown in 

FIG. 28 is a cross-sectional view of a cell 

unTfTj imilar ^ ^ Sh ° Wn ^ FIG - 27 empl °^^ * non- 
tran aSymmetrica1 ' insulator design in which a 

trans iti on angle on an upstream side of the pinch is 
greater than a transition angle on a downstream side of 
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the pinch on which the pinch has a smallest diameter of 
10.2 millimeters with an overall insulator length of 40 
millimeters, an upstream transition region has a length 
of 15.1 millimeters and a downstream transition region 
has a length of 24.9 millimeters and in which other 
dimensions are similar to those of Fig. 25; 

FIG. 29 is a superposition of surface electric 
field plots for the cell designs of FIGS. 24 through 28 
showing electric field strength at inner surfaces and 
along centerlines of each of cell the designs of FIGS. 24 
through 28; 

FIG. 30 is a energy deposition plot for the 
cell design of FIG. 26 showing energy deposition per 
pulse at an inner surface of the cell and along a 
15 centerline of the cell; 

FIG. 31 is an electric field plot for the cell 
design of FIG. 26 showing electric field strength at an 
inner surface of and along a centerline of the cell 
designs of FIGS. 24 through 28; 

FIG. 32 is a schematic diagram showing a 
circuit model of a pulse forming network suitable for use 
in embodiments of the pulsed field treatment apparatus of 
FIG. 1; 

FIG. 33 is a current waveform for an electric 
pulse supplied to the cell design of FIG. 26 showing 
current through a pulse generator and current through the 
cell ; 

FIG. 34 is a voltage waveform for the electric 
pulse applied to the cell design of FIG. 26 showing 
voltage across the pulse generator and voltage across the 
cell ; and 

FIG. 35 is a schematic diagram showing 
treatment chamber (or cell) sections of the cell design 
of FIG. 26 used in resistance calculations. 
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Corresponding reference characters indicate 
corresponding components throughout the several views of 
the drawings. 

5 DETAILED DESCRIPTION OF THE INVENTION 

Drefip „ follo " in * description is of the best mode 

presently contemplated for carrying out the invention. 

but is made merely f or the purpose Qf des 

i::;:; 1 pri r pies ° f the ™ io - 

1V6ntl0n Sh ° Uld be determined with reference to the 
claims. 

Shown „, Re£ " rin9 " rst to " G - 1- a block diagran is 
shown of a pulsed field treatment apparatus 11 for 

TIT??' niCr °° rganis - ^ ^stuffs, food products 
« the l lke . The illustrated apparatus includes features 
of the present invention including a serial pair of 
electrodes 14. 16 separated by an insulator section 17 

20 ,„ • * llqUid foodstu " 10 °r food product 10 

(having a viscosity of, e.g., less than about 1000 
centipoise, is circulated through a treatment zone „ (or 
=•11 12) , as indicated in FIG , l by arrows, so as to 

interpose the foodstuff i n r>>- * 

first nr «.„ , oastu « " =r food product lo between a 
5 it ! electrodes 14 and a second of the electrodes 

16 such that electric flux lines between the electrodes 
the f T e r ° U9hly Parallei *" direction of flow of 

T IZ A °-ntageously, the first electrode 
select hT S8COnd ele « r0de " ^ = configuration 

0 with T Pr ° dUCe ^ eleCtri = " eld thereinbetween 
Without a high probability of dielectric tracing or 
other breakdown. Note that while the embodiments 
described herein are tailored to treatment of fluid food 
P-ducts. the present invention should be understood to 

fluIds PP ^ C r i0n " " Uid naterla1 ' SU = h " 

rj.uids, biological fluids ^ a *-~>- 

... y riuias, water, pharmaceuticals and 

other pumpable products. 

The electrodes 14, i 6 are separated by the 
insulator section 17 through which the food product lo 



WO 99/39752 



15 



PCT/US99/00721 



passes after passing through the first electrode 14 and 
before passing through the second electrode 16. The 
electrodes 14, 16 are both in the form of cylindrical 
Pipes, such as stainless steel pipes. The insulator 
5 section may be made from plastic. The cell 12 can thus 
be said to comprise the electrodes 14, 16, the insulator 
section 17 and a circulating space within the electrodes 
14, 16 and the insulator section 17 that is filled with 
the food product io as it circulates through the cell 12. 

Preferabl y the foods product 10 has a 
resistivity of from about 1 to 1000 ohm-centimeters, 
however, the cell designs shown herein can easily be 
adapted for lower or higher resistivities. 

Very high strength electric field pulses 
15 (having an electric field strength of at least about 

5,000 volts per centimeter, and preferably at least about 
10,000 volts per centimeter) are applied to the 
electrodes 14, 16 to subject the food product 10 to 
pulsed field treatment by a pulsed field treatment 
20 circuit 18. 

The pulsed field treatment circuit 18 is made 
up of a switch 20, a charge supply circuit 22, and a 
controller 24. The charge supply circuit 22 supplies 
very high strength electric pulses to the electrodes 14 
16 selectively as determined by the switch 20. The 
switch 20 is controlled by a controller 24 that closes 
the switch 2 0 causing the charge supply circuit 2 2 to 
supply a very high strength electric pulse to the 
electrodes 14,16. The controller 24 closes the switch 20 
periodically in synchronization with a fluid flow rate of 
the food product 10 within the cell 12 so as to assure 
that all of the food product 10 is exposed to at least 
one very high strength electric pulse as it traverses the 
treatment zone within and between the electrodes (or more 
accurately, at least a minimum electric field strength as 
it traverses the treatment zone.). Pulsed field 
treatment circuits such as the pulsed field treatment 
circuit 18 are known, and suitable examples are described 
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in the Bushnell, et al . patents and the Dunn, et al . 
patents previously incorporated herein by reference. 

Referring next to FIG. 2, a simplest case 
example is shown of a cell 200 made up of a serial pair 
5 of electrodes 202, 204 separated by an insulator section 
206. The cell 200 is configured as a straight 
cylindrical pipe having an inner diameter of 22.1 
millimeters and made up of five cylindrical sections. 
The first of these sections is an upstream insulator 
10 section 208, the second is a first of the electrodes 202 
(or a cathode 202), the third is the insulator section 
206 separating the electrodes 202, 204, the fourth is a 
second of the electrodes 204 (or anode 204) and the fifth 
is a downstream insulator section 210. The electrodes 
204, 206 consist of short sections of cylindrical 
staanless steel p ipe separated by the insulator sectic 
206 thereinbetween which is cylindrical and made from 
Plastic. The insulator section 206 has a length of 10 
millimeters . 
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This cell's geometry, while highly desirable 
for cleaning and sanitizing (hermeticity ) , when compared 
to, for example, prior art coaxial cell designs, exhibits 
poor field distribution. (see FIGS. 3 and 4). Severe 
enhancement of electric field at an interface between the 
electrodes 202, 204; the food product 212 circulating in 
the cylindrical pipe; and the insulator section 206 
separating the electrodes 202, 204, referred to as a 
tnple point, causes a peak electric field value of at 
least about three times higher than an average electric 
field value within the food product 212. 

Problematically, these peak field values are 
apt to cause electrical breakdown, or arcing across the 
insulator and through the food product being treated. 
Th 1S disposition toward, i.e., probability of, arcing 
increases with longer electrical pulse widths and by 
virtue of the fact that the electric field formed between 
the electrodes 202, 204, when the pulsed field treatment 
circuit 18 is pulsed, is substantially parallel to the 
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in.ul.tor section 206 (and food product flow, in the 
region of the triple point, as opposed to normal to the 
food product flow as with the coaxial cell designs of the 

5 of IL ' 16 -"biting some of the advantages 

5 of the present invention, the cell design of fig. 2 is 
generally considered undesirable. 

is « h * e£errin 9 " 9xt ^ 3, an equipotential plot 

is shown for the cell design of FIG . 2. The 
equipotential plot is taken in a modeled region 

lIneTL te : h r th Cr ° SS - h " Chin * ™- »• ^potential 
lines in the equipotential plot show locations of points 

each e9 L a n e?" riCal P ° tSntial ^ ^ ^ ^ 

■ Ctric £leld m the modeled region 

are perpendicular to (normal t„, * k . 

^ . (normal to) the equipotential lines 

and electric field strength is highest where the 

Ihi trlol Sntrati0n ° f egUi ~ial P-sent at 

Tel l ■ SU " eStS th " " ° rder to »i«t«ln an 

adequate minimum electric fipin 

electric f^in <- 1Sld stren 9«* (at points where 

electric field strength is weakest i « 

<-h« • weaxest, i.e., at points where 

the equipotential li nes are furthest apart, too high of 
an electric field strength would be present at the triple 
pointy (By too high it is meant that the risK of (or 

too great for most, if not a il, practical 

applications.) Thus t-ho r^i i ^ 

' nus ' the cel1 design shown in FIG . 2 is 
considered problematic. 

al „, . * eferrin * next to FIG. 4 a plot is shown of 

cell ir PIG le1 ' Stren9th al ° n9 - •«"«• ° £ the 

21] \ I ^^"ely in the modeled region (as 

indited by cross-hatching, . Elec tric field strength 
has been normalized to an average field strength of ! 

modlled r^ "" 1U » t «»> ^ the surface in the 

modeled region is given on an abscissa (x-axis 

coordinate, and electric field strength (in v/cm, is 

strength "V""""* ( ^ aXis ™ordi„.t., . EJectric field 
strength enhancement at the trip le point is seen as a 
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distinct peak of 3 V/cm (or three times average field 
strength, which is 1 V/cm) . 

Referring to FIGS. 5 through 30, enhancement at 
the triple point can be mitigated by shaping the 
5 insulators and conductors (electrodes) within the cell to 
alter the distribution of the electric field, i.e., to 
create a more uniform electric field strength 
distribution reducing enhancement at the triple point. 

In addition, however, to analyzing electric 
10 field distribution characteristics of any cell design, in 
accordance with the present invention, it is also 
important to note that the cell design should also be 
analyzed for its effect on liquid food product flow 
patterns within the cell. Such flow analysis is 
important to assure that any stagnation regions present 
in the cell design do not result in over treatment and 
fouling of the liquid food product. 

Each design should also be considered in view 
of its hygienic, i.e., cleanability , qualities. 

Referring specifically to FIG. 5, a cell 500 is 
shown in which triple points are moved away from the food 
product 502 and the insulator section 504 by using a 
f rustoconical interface 506 between the electrodes 508, 
510 and the insulator section 504, angling the electrodes 
25 508, 510 away from the food product 502 at the interface 
506 with the insulator section 504. Shown in FIG. 5 are 
the electrodes 508, 510, the insulator section 504, a 
modeled region 512 referenced below, the food product 
502, and the f rustoconical interface 506. The inner 
30 diameter at the electrodes (I.D.) is 22.1 millimeters, 

and the insulator length (£ p ) is 20.6 millimeters (at the 
interior angling at 30° to a length of 13.3 millimeters 
at the exterior.) 

Referring to FIG. 6, an equipotential plot is 
shown for the design of FIG. 5. As can be seen, a very 
high relative electric field strength within the 
insulator section 504 is created relative to electric 
field strength within the cell, i.e., within the food 
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product 502. When a minimum electric field strength 
needed to effect deactivation of microorganisms is 
applied throughout the cell, i.e., throughout the food 
product 502 in the cell, this very high relative electric 
field strength places a very high electromotive stress on 
the insulating section 504 potentially leading to failure 
of the insulator section. 504, including potentially 
cracking and rupture of the cell. From a mechanical 
point of view, the very thin insulator section 504 
thickness at the interface of the insulator section 504 
with the food product and the electrodes 508, 510 could 
be problematic as the insulator section is prone to 
chipping and cracking at this interface. if the 
insulator section is chipped or cracked, concerns over 
hygienicity arise, i.e., the cell becomes difficult or 
impossible to clean. 

Referring next to FIG. 7, a further and 
generally preferred cell 700 is shown in which an 
insulator section 702 transitions to a smaller radius 
than at a first electrode 704 and then transitions back 
to this radius at the second electrode 706. The inner 
diameter at the electrodes (I.D.) is 22.1 millimeters, 
the insulator length (£.) is 20.2 millimeters, the inner 
diameter at the insulator pinch (I.D. { ) is 11. o 
millimeters, and the length of the insulator pinch (£ p ) is 
4.8 millimeters. These so-called transition sections'" 708 
(or regions) and the corresponding region of smaller 
radius 710 result in concentration of current and 
electric field in the region of the pinch 710. The angle 
of the insulator sections transition relative to the 
electrode walls is about 45 degrees with "corners" 
between the transition region and the adjacent electrodes 
704, 706 and insulator center section being rounded to 
improve fluid dynamics. 

Also shown in FIG. 7, by way of example, is a 
flash shield 712 in the form of a disk (or more 
accurately, a torroid) positioned around the insulator 
section 702 and integral therewith. The flash shield can 
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be formed of the same material as and be an extension of 
the insulator section. The flash shield may have a 
diameter of, for example, between 5 millimeters and 30 
millimeters. The purpose of the flash shield is to 
5 inhibit tracking (arcing) between the electrodes external 
to the cell 700, All of the embodiments shown herein 
preferably include the flash shield 712 of FIG. 7, 
however, such is not shown, except in FIG. 7, in order to 
increase simplicity . 

10 Referring to FIG. 8, an equipotential plot for 

the cell 700 of FIG. 7 is shown. As can be seen, the 
insulator section 702 does a very good job of shielding 
the electrodes 706, 7 08 from one another so that the 
electric field enhancement at any given point is not 

15 significant compared to the electric field strength at 
the center of the cell 700. This is in contrast to the 
cell 500 shown in FIG. 5, where significant electric 
field enhancement within the insulator section 504 is 
shown . 

20 Referring next to FIG. 9, a cell 900 is shown 

in which an insulator section 902 makes up an entire 
exterior portion of the cell 900 with an insulator pinch 
904 at its center having a smaller radius than a radius 
of the insulator at outlining areas 906. 

25 frustoconically-tipped axial electrodes 908, 910 serve as 
flow shapers as well as sources of electrical potential 
and are generally coaxial with the insulator section 902. 
The inner diameter at the electrodes (I.D.) is 22.1 
millimeters, the inner diameter at the pinch (I.D..) is 

30 11.0 millimeters, an outer diameter of the electrodes 
(O.D.) is 17.1 millimeters, a distance between the 
electrodes is 6.5 millimeters, the length of the 
insulator pinch (£ p ) is 6.5 millimeters. 

Referring to FIG. 10, an equipotential plot is 

35 shown for the design of FIG. 9. Electric field 

enhancement can be seen in the equipotential plot at tips 
of the electrodes 908, 910. These tips of the electrodes 
908, 910 are also likely to be fluid stagnation points at 
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which flow of the food product will slow or stop. As a 
result of these stagnation points, over-treatment of the 
food product and potentially fouling of the food product 
is likely to occur near these tips. 
FIG. 10 also shows that the electric field varies 
considerably between a surface of the insulator section 
902 and a surface of the electrodes 908, 910. Thus, the 
embodiment of FIG. 9 is less desirable from an electric 
field uniformity standpoint than the embodiment of 
FIG. 7 although the embodiment of FIG. 9 may possess 
superior flow dynamics. 

Referring to FIG. 11, a cell 1100 is shown in 
which an insulator pinch similar to the insulator pinch 
710 of FIG. 7 is used in combination with electrodes 
1104, 1106 the electrodes 704, 706 of FIG. 7, but with a 
frustoconically-tipped insulator 1108 serving as a flow 
shaper in a manner similar to that in which the second 
electrode 910 of FIG. 9 serves as a flow-shaper. The 
inner diameter at the electrodes (I.D.) is 22.1 
millimeters, the length of the insulator (£,) is 19.8 
millimeters, the inner diameter at the pinch (I.D.,.) is 
12.1 millimeters, an outer diameter of the 

frustoconically-tipped insulator is 18.1 millimeters, and 
a tip of the frustoconically-tipped insulator 1108 
extends beyond a mid-point of the insulator pinch by 1.9 
millimeters . 

Referring to FIG. 12, an equipotential plot is 
shown for the cell noo of FIG. 11. This equipotential 
plot shows a fairly uniform field electric distribution 
in a region near the Frustoconically-tipped insulator 
1108 where one would expect relatively uniform food 
product flow. The embodiment of FIG. 11 thus should 
provide a relatively uniform electric field distribution 
(as seen) within the cell 1100, and offer a potentially 
superior flow dynamic to that of the embodiment shown in 
FIG. 12. 

Referring next to FIG. 13, a superposition of a 
surface electric field plots is shown for the cells 200, 
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500, 700, 900, 1100 of FIGS. 2, 5, 7, 9 and 11. (Note 
that as represented, peak values cannot be directly 
compared, but must be interpreted as a function of 
average magnitude for each electric field plot.) 
5 With respect to the cell 200 of FIG. 2, it can 

be seen on the corresponding field plot that electric 
field enhancement at the triple point (i.e., peak 
electric field strength) is very high as compared to 
average electric field strength for such field plot. 

10 With respect to the cell 500 of FIG. 5, it can 

be seen on the corresponding field plot that field 
enhancement is quite high relative to average electric 
field strength but is improved over that shown in the 
field plot for the embodiment of FIG. 2. 

15 With respect to the cell 700 of FIG. 7, it can 

be seen on the corresponding field plot that electric 
field increases near the end of the plot, which 
corresponds to the longitudinal center (middle) of the 
cell. As can be seen in the field plot for the cell of 

20 FIG. 7, the triple point is well shielded by the 

insulator pinch so that electric field enhancement (i.e., 
peak electric field strength) is not significant as 
compared, for example, to the peak electric field 
strength shown in the field plots for the cells 200, 500 

25 having straight insulator section designs. 

In the field plot corresponding to the cell 800 
of FIG. 9, field levels vary considerably between an 
outer surface and an inner surface (i.e., the surface of 
the insulator and the surface of the electrodes.). Field 

30 plots showing field levels at both the surface of the 

insulator and at the surface of the electrodes are shown. 
As can be seen, significant electric field enhancement 
occurs at the triple points relative to average field 
strength. 

35 Separate field plots corresponding to the cell 

1100 of FIG. 11 show the electric field along the inner 
surface and the surface of such cell 100 of the 
Frustoconical-tipped insulator 1108 to be similar. 
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Enhancement at the surface triple point near the first 
electrode 1104 is, however, observed but may be reducible 
with further design enhancement, such as by changing the 
relative positions of the Frustoconical-tipped insulator 
1108, the insulator pinch 1102 and the electrodes 1104, 
1106 so that the triple point is not directly opposite' 
the corner of the Frustoconical-tipped insulator. 

Referring next to FIG. 14, a superpositions of 
field plots is shown for the design similar to that of 
FIG. 2 having an inner diameter of 2 . 3 millimeters and an 
insulator length of 3 millimeters. The plots are shown 
for electric field strength at the inner surface of the 
cell 200 and along a centerline (or major axis) of the 
cell, showing very high electric field enhancement at the 
triple points along the inner surface of the cell 200 
and showing peak fields at the longitudinal center 
(middle) of the cell along the centerline (or major axis) 
of the cell 200. The electric field along the centerline 
is approximately equal to the electric field at the inner 
surface of the cell 200 at the longitudinal center of the 
cell 200 



As can be seen, peak electric field is at about 
9.4 volts per centimeter at the triple point, which is 
3.4 times higher than the field at the centerline of the 
cell 200, which is about 2.77 volts per centimeter. 
Thus, lf an electric field of, for example, 25 kilovolts 
per centimeter is required for effective treatment, 
voltage on the cell must be at least nine kilovolts to 
assure the minimum electric field strength 25 kilovolts 
per centimeter throughout the cell 200. Multiplying by 
the enhanced field at the triple point, it can be seen 
that 84.8 kilovolts per centimeter will be present at the 
electrode interface, i.e., at the triple points. 

Referring next to FIG . 15, energy deposited in 
the food product per electrical pulse is also plotted for 
a cell similar to the cell 200 of FIG . 2 having the 
dimensions given above in reference to FIG. 14. The 
energy deposition plotted is at the inner surface and 
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along the centerline. The energy deposited into the food 
product by a single electrical pulse is given by: 

Energy = E * ' r 



where E is the electrical field in kilovolts per 
5 centimeter, t is the pulse width, and p is the 

resistivity of the food product in ohm-centimeters. This 
calculation assumes that the food products resistivity is 
constant and that the flow of the food product is 
uniform, both of which are generally untrue, however, 
10 this calculation is still useful for best-case comparison 
purposes . 

This calculation also assumes infinite pulse 
width (i.e., very closely spaced pulses), or a very high 
number of pulses so that a constant electric field 

15 strength is applied to the food product traversing the 
cell. in other words, integration for the present 
example (the cell similar to FIG. 2 with the dimensions 
given in reference to FIG. 14) is with respect to 
position for a food product particle traversing the cell 

20 200 with the electric field strength shown in FIG. 14. 
Thus, the graph shown in FIG. 15 is relative and useful 
only for comparison purposes. 

Note the fact that the amount of energy 
deposited along the centerline of the cell 2 00 is 
25 approximately 51% of the amount of energy deposited at 
the inner surface of the cell 200 when taken at the 
longitudinal center of the cell 200 (i.e., the energy 
ratio is 51%) . 

If dimensions of the cell described above in 
30 reference to FIG. 14 ure scaled up by a factor of 2, such 
that the inner diameter (I.D.) is 4.6 millimeters and the 
insulator length (£,) is 6 millimeters, the energy ratio 
goes to 57%. a field plot for a scaled up version of the 
cell 200 described in reference to FIG. 14 and a relative 
35 energy deposition plot for this scaled up cell are shown 
in FIGS. 16 and 17, respectively. 
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Referring to FIG. 18, a field plot is shown for 
a cell such as is shown in FIG. 7 having an insulator 
length of 14.8 millimeters, an inner diameter (I.D.) 

at the electrodes of 9 . 5 millimeters and an inner 
5 diameter (I.D.,.) at the insulator pinch of 5 millimeters. 
Field strength at the wall of the cell is shown, as is 
field strength along the centerline of the cell. 

Referring next to FIG . 19, relative energy 
deposition is shown for a treatment cell having the 
LO dimensions specified above in reference to FIG. 18 

Energy deposition at the inner surface of the cell is 
shown, as is energy deposition along the centerline of 
the cell. as can be seen, energy deposition along the 
centerline at the longitudinal center of the cell is 
5 about 88% of that measured at the inner surface at the 
longitudinal center of the cell. Thus, the energy 
deposition in the cell described above in reference tc 



FIG. 18 is more uniform than for the cell 



:o 

of FIG. 2, 



either in the form shown in ft<~ • ^, ^ 

snown in FIG . 2, m the form described 

in reference to FIG 14 or in i ^ 

rx^. i.4 or ln tne scaled up variation 

described in connection with FIGS . is and 17. 

In reference to FIG. 20, field plots are shown 
for a cell such as shown in FIG. 7 having an insulator 
length of 14.8 millimeters, an inner diameter (I.D.) 

at the electrodes of 14.5 millimeters and an inner 
diameter ( i. D . f) at the insulator pincn Qf 1Q milliineters> 
Shown are field strength along the inner surface of the 
cell, and field strength along the centerline of the 



cell. 



Referring next to FIG. 21, a relative energy 
deposition plot is shown for the cell described above in 
reference to FIG. 20. shown is relative energy 
deposition along the inner surface of the cell, and 
energy deposition along a centerline of the cell. As can 
be seen, energy deposition along the centerline of the 
cell is approximately 68% of the energy deposition along 
the inner surface of the cell at the longitudinal center 
of the cell, making energy deposition in the cell having 
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dimensions described in reference to FIG. 20 less uniform 
than the energy deposition in the cell having dimensions 
described in reference to FIG. 18. 

Referring next to FIG. 22, a field plot is 
5 shown for a cell such as shown in FIG. 7 having an 
insulator length (£,) of 29.5 millimeters, an inner 
diameter (I.D.) at the electrodes of 19. i millimeters and 
an inner diameter (I.D.,) at the insulator pinch of 10 
millimeters. Shown are a field plot along the inner 
10 surface of the cell, and a field plot along a centerline 
of the cell. 

Referring next to FIG. 23, a relative energy 
deposition plot is shown for the cell described above 
with reference to FIG. 22. Shown is energy deposition 
15 along the inner surface of the cell, and energy 

deposition along a centerline of the cell. As can be 
seen, energy deposition along the centerline of the cell 
is about 88% of the energy deposition along the inner 
surface of the cell at the longitudinal center of the 
2 0 cell, making energy deposition in the cell having 

dimensions described in reference to FIG. 22 about the 
same in uniformity as the energy deposition in the cell 
having dimensions described in reference to FIG. 18. 

With reference to FIGS. 18 through 23, it can 
25 thus be seen that an insulator length (£.) to inner 

diameter at the insulator pinch (I.D.,) ratio or insulator 
length (*.) to gap (I.D.,.) ratio has a dramatic effect on 
field distribution and on energy deposition uniformity. 
Specifically, as the insulator length (£,) to gap (I.D.,) 
30 ratio decreases, the energy distribution uniformity 

worsens, i.e., decreases. In other words, the amount of 
energy deposited along the centerline at the longitudinal 
center of the cell becomes smaller as a percentage of the 
amount of energy deposited along the inner surface of the 
35 cell at the longitudinal center of the cell, as the 
insulator length (£.) to gap (I.D.,) 
ratio decreases. 
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Thus, based on the above, in an effort to 
achieve uniform food product treatment, the insulator 
length (£.) to gap (i.D. f ) ratio should be as large as 
possible, i.e., the length should be as long as possible 
5 and the gap as small as possible as balanced with 

competing objectives, such as minimizing voltage across 
the cell and optimizing flow dynamics within the cell. 

The minimum gap useable with a particular food 
product is driven by the viscosity of the food product 
10 and the amount and sizes of any solid material within the 
food product. The maximum length is driven by the 
minimum voltage needed to achieve a designed minimum - 
electric field strength throughout the cell (or treatment 
zone) during each pulse. 

15 AS C3n further be seen in FIGS. 18 through 23, 

use of the insulator pinch reduces the magnitude of field 
enhancement at triple points and increases the magnitude 
of the electric field along the centerline of the cell as 
compared to the straight pipe des ig n of FIG. 2. This is 
due to the concentration of current and electric field in 
the insulator pinch. This benefit of the insulator 
Pinch, however, is potentially offset by the possible 
propensity for flow separation at the downstream side of 
the insulator pinch, which must be accounted for. 

With reference to FIG. 24, a cell is shown in 
which an insulator length (£,) of 29.5 millimeters is used 
with a inner diameter (I.d.,.) at the electrodes of 22.1 
(I.D.) millimeters, an inner diameter (I.D.) at the 

30 rr 1 ? 0 " P±nCh ° f 10 millimete - «nd an insulator length 
(V at the pinch of 5.1 millimeters. A transition angle 
from the first electrode to the insulator section and 
from the insulator section to the second electrode is 

between about 130' and 160', for example, between about 
135- and 145', for example 132.8- . (Such angle is 

measured between an interior surface of the electrode on 

the frustoconical inner surface of the transition 

region. ) 
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With reference to FIG. 25, a cell design is 
shown in which an insulator length (£,) of 40 millimeters 
is used within an inner diameter (I.D..) at the electrodes 
of 22.1 millimeters an inner diameter (I.D.) at the 
5 electrodes, the 10 millimeter inner diameter (I.D.) at 
the insulator pinch of io millimeters and an insulator 
length (£ p ) at the insulator pinch of 5.1 millimeters. A 
transition angle is similar to that described in 
reference to FIG. 24. 

L0 Referring next to FIG. 26, a cell is shown in 

whxch an insulator length (£ p ) at the insulator pinch is 
11-6 millimeters is used, with other dimensions of the 
cell shown in FIG. 25, i.e., the 22.1 millimeter inner 
diameter (I.D.) at the electrodes, the 4 0 millimeter 
overall insulator length (£,), and the 10 millimeter inner 
dxameter (I.D.,) at the insulator pinch. a transition 
angle is similar to that described in reference to FIG. 
24 . 

With reference to FIG. 27, the transition angle 
0 of the insulator from the first electrode to the 

xnsulator pinch and the transition angle of the insulator 
from the insulator pinch back to the second electrode are 
each decreased from between about 100° to about 175° for 
example between about 135° and 145 for example mis' 
xn the cells of FIGS. 24 through 26 to between about 100° 
to about 175 for example between about 145° and 155' 
for example 153.7°. The insulator length at the pinch' is 
10.6 millimeters, with other dimensions of the cell shown 
xn FIG. 25, i.e., the 22.1 millimeter inner diameter 
(I.D.) at the electrodes, the 40 millimeter length {i ) 
and the 10 millimeter inner diameter (I.D.,) at the ' 
insulator pinch. ' 

Referring next to FIG. 28, a non-uniform, i.e., 
asymmetrical, insulator design is shown in which a 10 2 
mllxmeter inner diameter (I. D .) at the insulator pinch 
xs used with a 40 millimeter insulator length (£,), and a 
22.1 millimeter inner diameter (l. D .) at the electrodes. 
Transition from the electrode inner diameter (l.D.) to 
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the insulator pinch inner diameter (I.D..) on the upstream 
side occurs over a 15.1 millimeter distance, while the 
transition back to the electrode inner diameter (I.d.) 
from the insulator pinch inner diameter (I.D.) on the 
5 downstream side of the insulator pinch occurs' over a 24 9 
millimeter distance. The transition angle from the first 
electrode to the insulator pinch is between about 100' 
and 175°, for example between about 100* and 160" , for 
example 15 4 • , and the transition angle from the insulator 
L0 pinch to the second electrode is between about 100 • and 
175°, for example between about 150' and 175', for 
example 166' m the example shown, the transition angle 
from the first electrode to the insulator pinch is about 
153.7° and the transition angle from the insulator pinch 
5 to the second electrode is about 165.7- . 

With reference to FIG. 29 a superposition of 
field plots is shown comparing each of the cell design 
iterations illustrated in FIGS. 24 through 28. Field 
strength along the inner surface of such cells is shown, 
as is field strength along the centerline of such cells. 

Each of these cells is simulated with the 
assumption that a maximum voltage that can be applied to 
the cell, i.e., across the electrodes, is ioo kilovolts 
and a maximum current in the switch (FIG . 1) is limited 
5 to 15 kiloamps. A minimum electric field strength to 
effect deactivation of microorganisms is used in 
determining the chamber voltage and is selected as 25 
kilovolts per centimeter and thus serves as a minimum 
electnc field strength that must be present throughout 
the treatment region, i.e., insulator section, during 
treatment. Maximum electric field enhancement should be 
75 kilovolts per centimeter at any point along the cell 
and energy deposition along the centerline at the 
longitudinal centerline of the cell at a field level at 
or above 25 kilovolts per centimeter must be at least 80% 
of the energy deposited along the inner surface of the 
cell at the longitudinal center of the cell. (Note that 
the energy deposition along the centerline should be at 
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least 80% of the energy deposition along the inner 
surface at any point along the cell, but, generally, the 
greatest disparity in energy deposition along the 
centerline of the cell versus energy deposition along the 
inner surface of the cell occurs at the longitudinal 
center of the cell.). The inner diameter of the 
electrodes should conform preferably to inner diameters 
of readily available tubing or piping, and the gap (inner 
diameter (l. D . f ) at the pinch) should be as large as 
possible consistent with these parameters so as to 
accommodate high viscosity fluid food products and 
suspended solids. 

Accordingly, the 21.1 millimeter inner diameter 
(I.D.) of the electrode selected in the embodiments of 
FIGS. 24 through 28 is about 1 inch, which is the 
commonly available pipe diameter. 

With reference to the electric field plots in 
FIG. 29, and in particular with respect to the electric 
field plot for the design of FIG . 24, it is noted that 
the insulator pinch shields the triple points of the 
electrodes very well. This is evidenced by the fact that 
electric field enhancement at the triple points is well 
below electric field strength in the treatment region of 
the cell, i.e., essentially in the insulator section. 
Applying the guidelines set forth above, it is observed 
xn FIG. 29 that the minimum field in the treatment region 
is about 0.41 volts per centimeter for 1 volt across the 
electrodes of the cell of FIG. 22. Assuming the minimum 
effective electric field strength of 25 kilovolts per 
centimeter, a voltage on the cell of FIG. 22 of 61 
kilovolts is thus required, which is well within the 
guideline set forth above of loo kilovolts maximum across 
the cell. At 61 kilovolts across the cell, maximum 
electric field strength is about 4 0 kilovolts per 
centimeter, which is again within the design guideline 
set forth above of 75 kilovolt per centimeter maximum 
electric field strength. Energy deposition is expected 
to be similar to that shown in FIG. 23. 
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The design of FIG. 25 increases the distance 
between electrodes by increasing total insulator section 
length (£.). A s corresponding electric field plot of FIG. 
29 shows, the shape of the electric field plot curve 
5 remains essentially the same for the cell of FIG. 24 and 
the cell of FIG. 25, but the magnitudes of the electric 
field strength are reduced for the design of FIG. 24. 
The electric strength at which the electric field plot 
curves for electric field strength along the inner 
) surface and along the centerline cross for the cell of 
FIG. 24 is at .37 volts per centimeter for 1 volt across 
the electrodes, which thus indicates that this cell 
design requires 68 kilovolts on the cell to yield the 25 
kilovolts per centimeter minimum electric field. Thus 
it does not appear there is a significant reduction in' 
enhancement in the design of FIG. 25, but higher voltages 
are required as the electrodes are separated greater 
distances, i.e., as the total insulator length (£ ) 
increases. m other words, this requirement of higher 
voltage across the electrodes (which is undesirable) is 
not offset by significant reductions in triple point 
enhancement. 

With respect to the design of FIG. 26, the 
electrode separation, i.e., total insulator length (£.) 
remains the same as in FIG. 25, but the insulator pinch' 
is changed by increasing its length (£ p ) . The transition 
angle is maintained as the same angle as in FIG. 24. 

The effect of increasing the length of the 
insulator pinch (£ p ) is dramatic (as opposed to the minor 
affect achieved in the cell of FIG. 25 by increasing the 
overall insulator length (€,) . Variation between the 
electric field strength along the centerline and the 
electric field strength along the inner surface is 
reduced significantly in the present design. The 
crossing point of the centerline electric field plot and 
the inner surface electric field plot is at 0.3 volts per 
centimeter, which translates into 83 kilovolts on the 
cell, i.e., across the electrodes. This cell voltage is 
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higher than for the cells of FIGS. 24 and 25, but is 
still within the guideline of 100 kilovolts set forth 
above. At 8 3 kilovolts, the highest fields are only 
about 4 0 kilovolts per centimeter, which again is well 
within the design guidelines of 75 kilovolts per 
centimeter. Thus, the higher cell voltage is offset in 
the cell of FIG. 26 by superior electric field 
distribution (i.e., reduction in electric field 
enhancement) as compared to the cells of FIGS. 24 and 25. 

Referring next to FIG. 30, one possible 
drawback to the cell of FIG. 26 is that the slope of the 
electric field plots, especially the field plot of 
electric field along the centerline, is less steep than 
in the designs of FIGS. 24 and 25 which indicates a 
greater amount of energy deposition at electric field 
strengths below the minimum electric field strength 
needed to effect deactivation of microorganisms. An 
energy deposition calculation relative to FIG. 30 shows 
that a food product at the centerline is receiving 91% of 
the energy deposition that food product near the inner 
surface is receiving when analyzed at the longitudinal 
center of the cell. Additionally, 86% of the total 
energy delivered to the food product near the inner 
surface, and 77% of the total energy delivered to the 
food product near the centerline is delivered between the 
electric field plot curve crossing point, i.e., at the 
electric field level above the threshold of 
40 kilovolts per centimeter. The overall ratio of energy 
deposited along the inner surface to the energy deposited 
along the centerline in the region of interest is 82%, 
which is above the guideline 80% established above. 

Overall, this cell of FIG. 26 appears to be 
preferred, assuming fluid flow patterns do not create 
insurmountable problems, and in particular, assuming 
downstream flow effects are not too detrimental as the 
food product passes out of the insulator pinch and 
transitions to the second electrode. 
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28 «,,« Refe " in9 back to " to FIGS. 27 and 

28. cells are shown that could result in improved flow 
characteristics. 

5 transit Sl ° PS ° f the ^^^tor in the 

angle T 10nS ^ ^ ^ 9radUa1 ' -lop. 

angle is smaller, than in the cell of fig. 26 . P 

all„„< /" FIG ' " ' lnsulat ° r ^ made asymmetric, 

Portion" 9 f Z.' m ° re 9radUal Sl ° Pe in the "ownstream 
10 Il2 s °l ^ lnSUlator " - the downstream 

™i:r e9i ° n ' which ^ heip ~ «~ 

chanainc J!" ° f "°- 29 ' the e «ects of 

chang lng the insulator slope in the transition regions is 

in the design of FIG. 27 , the effects on electric fiel" 
ana energy deposition are minor. The field levels are 
reduced for the cell of FIG 27 whi^h levels «™ 

voltage on the chamber. but^Ih ^^LI 

>» tTl^Vi: T ovolt aaxi ™ specified -X 

means that th alSO lm 

the thresh . Per ~ nta ** ° f energy deposited above 

the threshold is less. However, the ratio of energy 
deposited near the centerline of the cell to the e!Ly 
deposited near the outer wail of the cell is v"y gooT 

FIG .28 „ leS s desirable from an electrical standpoint 
For example, the electric field plots are very peaLd « 

!ndicaT ° rPlnCh S1 ° P£ 96ntly " their ends This 

indicates a Significant portion of the energy being 

deposited at an electric field strength that is below the 

threshold electric field for deactivating microorganisms 

Choosing a threshold of .3 volts per centimeter (which 

recuses 83 Kiiovolts on the eel! to yield 25 « ovolts 

Per centimeter at a threshold point, , then 6 3% of the 

energy deposited near the inner surface of the cell ls 

IZVT threSh ° ld 1SVel - " — iine, 

figure drops to 5 „. thus now rendering ^ embodiment 

FIG. 28 relatively inefficient from an electrica! 
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standpoint as compared to the embodiments of, for 
example, TIGS. 26 and 27. Nonetheless, under some 
circumstances, the embodiment of FIG. 28 may prove 
advantageous due to its potentially superior flow 
dynamics. 

in * h „ f ° ll0Wing Parameters are employed nominally 

m the descriptions herein: 

m« w Treatment chamber resistance is chosen to be 
100 ohm centimeters yielding an overall chamber 
resistance of 274 ohms. Pulse width is selected to be 
two microseconds, and a charge voltage of 35 kilovolts is 

amoun. ^ ^ UMd S ° * S to the 

"renl° dSP ° Sited * bove a threshold electrical 

strength. A Rayleigh type of pulse forming network is 
used for xts simplicity of implementation. 



20 



25 



EXAMPLE 

A cell in accordance with the design 
illustrated in FIG. 2 6 is constructed and o . 3 volts per 
centimeter is selected and a reference point for scaling 

TJ " flSld ' ^ thiS iS thS Cr ° SSi "9 Point for the 

electric field plot at the centerline of the cell with 

sc e r;; c fieid piot at the inner «>. en. 

To scale the 0.3 volts per centimeter to 25 kilovolts per 

cell I' f ±S neCeSSary ^ aPPly 9 V ° lta ^ ™ ^ 
cell i.e., between the electrodes, of 83.3 kilovolts. 

that t'h V ° ltage 1SVe1 ' PSak fi6ldS to in.ur. 

that they are not so high as to cause breakdowns. fig. 

30 !h 15 elSCtriC fi6ld P lot the cell of FIG. 26 

showing the scaled 0.3 volt per centimeter level and the 
field enhancement as a function of applied voltage. it 
can be seen that the maximum enhanced electric field 
strength at 83.3 kilovolts applied voltage is 39 
kilovolts per centimeter, which is considered 
conservative. 

Given that the maximum charge voltage is 3 5 
kilovolts, this implies that a pulse transformer is 
required. Assuming the impedance of the load is 
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reflects through the pulse transformer to the 

T/TT^ imPedan " ° f «» P«l.. forming network 
for 35 kilovolts of charge, 17 kilovolts wil * be J^V 

primary of the pulse transformer. The turn, 

actor I : u 76!1 - T ° aM *» P™ ia e a safety 

racror, a turns ratio of 5-i i „ ^ 
™^~„+. . ,^ ls ass umed. As a result 



10 



output voltage is 5 tin,- s Z AS a resul t< 

tran?fn 9 13 5 tlmes ln P ut voltage across the pulse 

transformer. Conversely, output current is 1/5 th / \ 
current. ni ls V5 the input 

f„™< indUctant:e '"d capacitance of the pulse 

TZTL m is calculatad b ' — - 



equation 

*=2.Jlc and z = 



N 



C 



» F a VyltTt " dUCtanCe C 1S t0t " -Pacitance. 

are aiviled T* ""^ f ° r " in9 """"^ th * L a " d c 

treatment cha b e y The "0 oh, 

ea tmenr chamber resierann» 
trana . resistance reflected through the 

transformer qives a * 

4 ohm. e , forming network impedance of 

- IthenryTaTtot"'" 6 ^ — 1 - « 

nanofaraJ ' CaPaClta "~ <=> to 500 



Calculate* wavefoL ."^^ ^ in ™- 

" shown in FISS 33 „„„ ,™ P forming network are 

ramn . S - " Snd 34 ■ w »ich show, respectfully 

3<7 for r £0m <FIG - "> ^ «avefcr.s y ; FIG . 

generator r/ ,' Peak CUrrent in the P»l« 

^ generator is only about 1.75 kiloamps. 

the current'TthT V '""""^ eh - b « ^,i nes 

-ctor. ::: ^zz: tc i r ch can be a iMti ^ — 

<3,uare pulses hecll .l^ T ^ 

impedances, . Th e 100 ohfresL' „ "j™*"""' hl *>" 

= example is e g uiv al ent to ahout " 6 " h T \" 

<aoour 36 ohm centimeters of 
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resistivity. m order to make this determination, the 
treatment chamber of FIG. 2 6 is divided into three 
hypothetical sections shown in FIG. 35. If resistance in 
each section is known, the total resistance is twice the 
sum of the individual section resistances. As shown in 
FIG. 35, sections I and III are simple cylinders whose 
resistances are 

where p is resistivity, L is the length of the cylinder, 
and A is the cross-sectional area of the cylinder. A 
frustoconical section, i.e., Section II, is computed as 
the sum of resistances of disks of length dx, whose radii 
vary continuously with position. The sum of the disk 
resistances is 



TT J 



B 

dx 



J A (x.tan (9)) 



Using p = l, a resistance factor which is equivalent to 
- can be determined. For the geometry shown, this 
factor is 2.74. Thus, the resistance of the cell is 
given by R = 2.74 x p. Rearranging and solving for p 
with R = 100 ohms gives p = to 3 6.5 ohm centimeters. 

The electric field code gives a result 
indicating that the resistance for a given resistivity is 
even higher than shown. This is probably due to the fact 
that this calculation is a worse case scenario, where the 
25 current source is modeled as a plate across the end of 
the cylinder. In actual design, the electrode is the 
Pipe wall and the resistance is not the same for each 
point on the pipe wall. since the pulse generator design 
is determined by actual resistance of the treatment cell, 
actual measurements on the cell are required to yield 
accurate resistance figures. 
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Energy deposited into the food product stuff 
during a pulse is proportional to the square of the 
electric field strength. The electric field is not 
uniform and, thus, one would not expect energy deposition 
to be uniform either. 

As a method of comparison, the square of the 
electric field strength is integrated along a path 
through the chamber. This value represents the energy a 
volume of product flowing through the path would receive 
if the field were applied for the entire time the volume 
xs traveling the path. m comparing one path to another 
xt is assumed that the volume units are traveling through 
the chamber at the same velocity. (This is not generally 
the case, therefore, curves such as those in FIG. 30 
• should be used as a general quality comparison and not as 
a precise indication of energy deposition.) 

Note that, as shown in FIG. 30, for the 
geometry of FIG. 26, a volume traveling down the 
centerline of the cell will receive 91% of the energy 
received by a volume traveling along the inner surface of 
the cell. (This is without velocity correction0 From 
this, a calculation can also be made as to the percentage 
of energy that is deposited above the chosen minimum 
electric field strength for deactivation. in the present 
case, 77% of the energy deposited along the centerline of 
the cell is deposited between about 27 millimeters and 42 
millimeters. Referring to the field plot in FIG . 31 it 
-noted that this is where the electric field strength 
Plots cross the .3 volt per centimeter mark, which is the 
chosen value or threshold field. Along the outer wall 
the figure is 86%. 

As mentioned above, these numbers do not 
account for velocity differences in the food product 
flow. For specific cell designs, such as has been 
disclosed above, one can calculate a number of electrical 
Pulses each volume will receive and the approximate 
position of a particular volume amount when each pulse 
arrives. This provides a more accurate picture of the 
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uniformity of treatment, i.e., uniformity of energy 
deposition. To make these calculations, it is assumed 
that fluid product flow is laminar. Furthermore, an 
average treatment level and electric pulse rate necessary 
5 to provide such average treatment level are determined. 
As the number of pulses received by the volume element 
increases, average treatment level increases as well. At 
its limit, the energy profiles shown in FIG. 30 are 
obtained. 

10 For purposes of this example, a treatment level 

of 41.8 joules per millimeter is selected. This 
corresponds to a temperature rise in the product of about 
10 °C, assuming the product characteristics are similar 
to those of water. 

15 The energy per electrical pulse can be 

calculated from the capacitance of the pulse forming 
network and the charge voltage assuming 100% energy 
transfer efficiency using: Energy = -~ *CV 2 , where C is the 
total capacitance of the pulse forming network 

2 0 (92 nanofarads in the present example) and V is the 
charge voltage (35 kilovolts in the present example) . 
Energy per pulse is thus 56 joules. 

Next a flow rate is selected. In the 
transition region, flow may somewhat randomly move 

2 5 between laminar and turbulence, however, laminar flow is 
assumed throughout herein. The following analysis, thus, 
assumes a straight pipe for purposes of ease of 
calculation. (The fact that the narrow pinched insulator 
portion of the cell is close to the transition region may 

30 cause flow characteristics which cannot be readily 

characterised as laminar or turbulent, i.e., the flow may 
be in a tr .isition state even at a calculated Reynolds 
number of less than 2000 liters per hour.) For purposes 
of this example, a flow rate of 1000 liters per hour is 

35 selected, which is well below the transition region, 

(i.e., which is well below 2000 liters per hour). With a 
flow rate of 1000 liters per hour and an energy 
deposition of 41.8 joules per milliliter, one can 
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calculate the power required to be 11.6 kilowatts. With 
56 joules per pulse, this means 207 pulses per second are 
needed. At a flow rate of 1000 liters per hour, average 
velocity in the pinched insulator region is 354 
millimeters per second and the peak velocity is nearly 
708 centimeters per second. 

Laminar flow in a cylindrical pipe has a 
parabolic velocity distribution with a peak velocity on 
the centerline equal to twice average velocity. Velocity 
at the outer wall is zero. As the flow approaches 
turbulence, the parabola flattens out approaching plug 
flow. The peak velocity at that point, is less than 
twice the average velocity. 

For the present example, it is assumed that 
15 parabolic flow is present and energy per unit volume is 
calculated for flow on the centerline. The energy for a 
volume at the average velocity is the nominal value 
chosen of 41.8 joules per milliliter. 

It is assumed that an electrical pulse is 
applied when volume of interest is at a zero milliliter 
pomt along the length of the cell. At a velocity of 354 
centimeters per second and a time between pulses of 4.8 
milliseconds, position of this volume as each succeeding 
pulse is applied, can be calculated. Then, energy being 
applied can be calculated as Energy-El^, These values 
are summarized in Table 1 below: P 

TABLE 1 
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Pulse Number 


Positxon (mm) 1 Enerov f.T/n,i / P „i 1 


1 


0 


.00057 I 


2 


17.1 


.812 1 


3 


34.2 


34.2 


4 


51.3 


1. 12 


5 1 68.4 


. 0009 



Total energy deposition for a volume on the 
centerline entering the treatment cell just as the first 
pulse is applied is 36.13 Joules per milliliter 



or 86% of 
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the average energy deposition. Examining an alternative 
volume already in the cell when the first pulse is 
applied results in the energy deposition as summarized in 
Table 2 below: 



TABLE 2 



Pulse Number 


Position (irun) 


Energy ( J/ml/pulse) 


1 


8 . 55 


.065 


2 


26. 65 


8.33 


3 


42.75 


14 .09 


4 


59. 85 


. 11 



10 



This is a worst case with only 22.6 Joules per 
15 milliliter or 54% of average energy. 

The values given in the tables are 
approximations as the actual velocity is not constant 
over the entire length of the treatment chamber. Actual 
energy deposition values are probably higher. 

While the invention herein disclosed has been 
described by means of specific embodiments and 
applications thereof, numerous modifications and 
variations could be made thereto by those skilled in the 
art without departing from the scope of the invention as 
set forth in the claims. 
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WHAT IS CLAIMED: 

1. A system for deactivating organisms in a 
fluid product, the system comprising: 
a first electrode; 

an insulator section coupled to the first 
electrode, the insulator section including an insulator 
pinch, an opening, and a transition region interposed 
thereinbetween, the opening having a larger cross 
sectional area than the insulator pinch, the insulator 
section including a cavity, passing through the insulator 
pinch, the transition region, and the opening, wherein 
the fluid product is contained during deactivating of 
organisms; and 

a second electrode coupled to the insulator 
section, wherein the first electrode is positioned on a 
first side of the insulator pinch, and the second 
electrode is positioned on a second side of the insulator 
pinch, whereby an electric field formed between the first 
electrode and the second electrode, when a voltage is 
applied across the first electrode and the second, 
electrode, passes through the insulator pinch. 

2. The system of Claim l further comprising: 
a pulse forming network coupled to the first 
electrode and the second electrode, wherein a voltage 
from the pulse forming network is selectively applied 
across the first electrode and the second electrode. 



3. The system of Claim 2 further comprising: 
a switch coupled between the pulse forming 
network and the first electrode, wherein the switch 
selectively applies the voltage from the pulse forming 
network across the first electrode and the second 
35 electrode. 
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4. The system of Claim 3 further comprising: 
a controller coupled to said switch, wherein 
the controller selectively controls said switch to apply 
the voltage from the pulse forming network. 

5 

5* The system of Claim 4 wherein said pulse 
forming network includes means for applying a very high 
electric field strength pulse to said product; said very 
high electric field strength pulse having an electric 
10 field strength of at least 100 volts per centimeter. 

6. The system of Claim 5 wherein said 
controller includes means for controlling said switch to 
apply said very high electric field strength pulse for a 
15 short duration, the short duration being no more than 100 
microseconds . 



7. The system of Claim 1 wherein said 
insulator section further includes: 

20 another opening; and 

another transition region interposed between 
the other opening and the insulator pinch, the other 
opening having a larger cross sectional area than the 
insulator pinch, the cavity passing through the other 

25 transition region, and the other opening. 

8. The system of Claim 1 wherein said 
transition region and said other transition region are 
f rustoconical . 

30 

9. The system of Claim 1 further comprising: 
a flash shield encircling an exterior of the 

insulator section, the flash shield being between the 
first electrode and the second electrode, whereby the 
35 flash shield inhibits arcing between said first electrode 
and said second electrode. 
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10. The system of Claim 9 wherein said flash 
shield has an outer diameter at least twice an outer 
diameter of said first electrode. 

11. The system of Claim 1 wherein said 
transition region between said first electrode and said 
insulator pinch includes an angle of at least 100 degrees 
measured from an interior wall of the first electrode to 
an interior surface of the transition region. 

12. The system of Claim 1 wherein said first 
electrode, said transition region, said insulator pinch, 
and said second electrode are circular in interior cross 
section. 



13 . The system of Claim 1 wherein said 
transition region between said first electrode and said 
insulator pinch include an angle of at least 170 degrees 
measured from an interior wall of the first electrode to 
an interior surface of the transition region at an 
interface between the first electrode and the transition 
region, and further include an angle of at least 100 
degrees measured from an interior wall of the first 
electrode to an interior surface of the transition region 

2 5 at a point other than at the interface between the first 
electrode and said transition region. 

14. A method of deactivating microorganisms 
comprising: 

30 flowing a product containing the microorganisms 

past a first electrode having a first cross sectional 
area; 

flowing the product containing the 
microorganisms through an insulator section having a 
35 second cross sectional area, wherein the second cross 

sectional area is smaller than the first cross sectional 
area; 
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flowing the product containing the 
microorganisms past a second electrode; and 

applying a high voltage electric pulse across 
the first electrode and the second electrode, including 
5 directing an electric field through the insulator section 
including increasing the electric field density over at 
least a portion of the insulator section; 

whereby at least a portion of the 
microorganisms are deactivated as a result of the 
10 applying of the high voltage as the product passes 
through insulator section. 

15. A system for deactivating microorganisms 
in a pumpable fluid product comprising: 

15 a first substantially cylindrical electrode 

section having a first inner diameter; 

an insulator section juxtaposed with the first 

substantially cylindrical electrode section to form a 

conduit, the insulator section having a second diameter, 
2 0 the second inner diameter being at least ten percent less 

than the first inner diameter; and 

a second substantially cylindrical electrode 

section juxtaposed with the insulator section and further 

forming the conduit, the second substantially cylindrical 
25 electrode section having a third inner diameter, the 

second inner diameter being at least ten percent less 

than the third inner diameter; and 

a high voltage pulser coupled to the first 

substantially cylindrical electrode section, and the 
30 second substantially cylindrical electrode section. 

16. The system of Claim 15 wherein said high 
voltage pulser includes a pulse forming network, a switch 
and a controller. 

35 

17. The system of Claim 16 wherein said pulse 
forming network includes means for applying a very high 
electric field strength pulse to said product, said very 
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high electric field strength pulse having an electric 
field strength of at least 100 volts per centimeter. 

18- The system of Claim 17 wherein said 
5 controller includes means for controlling said switch to 
apply said very high electric field strength pulse for a 
short duration, the short duration being no more than 100 
microseconds . 

10 19- The system of Claim 15 further comprising: 

a flash shield encircling an exterior of the 
insulator section, the flash shield being between the 
first electrode and the second electrode, whereby the 
flash shield inhibits arcing between said first electrode 

15 and said second electrode, 

20. The system of Claim 15 wherein said 
insulator section includes a transition region and an 
insulator pinch, said transition region being between 
20 said first electrode and said insulator pinch and 

including an angle of at least 100 degrees measured from 
an interior wall of the first electrode to an interior 
surface of the transition region. 
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